Influence of LET and oxygen status on cell survival and adhesion molecule expression by Tinganelli, Walter
GSI Helmholtzzentrum fűr Schwerionenforschung GmbH 
Technische Universität Darmstadt 
 
Influence of LET and oxygen status on cell survival 
and adhesion molecule expression 
 
Vom Fachbereich Biologie der Technischen Universität Darmstadt 
zur 
Erlangung des akademischen Grades 
eines Doctor rerum naturalium 
genehmigte Dissertation von 
 
 
M.Sc. Walter Tinganelli 
aus Neapel (Italien)  
 
 
Berichterstatter:(1. Referent): Prof Dr. Marco Durante 
Mitberichterstatter (2. Referent): Prof Dr. Gerhard Thiel 
 
 
 
Tag der Einreichung: 17/02/2012 
Tag der mündlichen Prüfung: 13/04/2012 
 
 
Darmstadt 2012 
D 17 
Zusammenfassung 
Hypoxie ist einer der häufigsten Gründe für Strahlenresistenz und Metastasenbildung bei 
Tumoren. Hoch-LET Strahlung soll diese Probleme reduzieren. 
Um den Sauerstoffverstärkungsfaktor (Oxygen Enhancement Ratio, OER), die Relative 
Biologische Wirksamkeit (RBW) und die Expression von Adhäsionsmolekülen zu messen, 
wurden Experimente mit verschiedenen LET-Werten und Ionen (Kohlenstoff, Stickstoff, 
Sauerstoff und Lithium) bei variierenden Sauerstoffkonzentrationen durchgeführt. 
1) Um die verschiedenen Sauerstoffniveaus im Tumor zu simulieren, wurden 
Überlebenskurven an Zellen der Linie CHO-K1 (Chinese Hamster Ovary) nach Bestrahlung 
mit Röntgenstrahlen und Kohlenstoffionen (100 keV/µm) unter normoxischen (unter 
Anwesenheit von Luft), hypoxischen (0.5% Sauerstoffgehalt) und anoxischen (0% Sauerstoff) 
Bedingungen erstellt. 
• Die Bestrahlung mit Kohlenstoff ergab einen OER-Wert von 1.81±0.12 unter 
anoxischen Bedingungen, während die Bestrahlung mit Photonen in einem Wert von 
2.42±0.11 resultierte. Unter hypoxischen Bedingungen verringerten sich die OER-
Werte auf 1.29±0.07 für Kohlenstoff beziehungsweise auf 1.53±0.1 für Photonen. 
2) Um den Einfluss von LET und Ordnungszahl auf die OER zu messen, wurden 
Zellüberlebenskurven und Messungen von RBW und OER nach Bestrahlung mit Kohlenstoff 
verschiedener LET-Werte, sowie Stickstoff- und Sauerstoffionen durchgeführt. 
• Die Ergebnisse zeigten, dass unter oxischen Bedingungen im verwendeten LET-
Bereich sich zwar kaum Änderungen ergaben, unter anoxischen Bedingungen der 
RBW mit zunehmendem LET ansteigt. Unter anoxischen Bedingungen lagen die 
Werte zwischen 3.10±0.22 für Kohlenstoff (100 keV/µm) und 4.46±0.24 für Stickstoff 
(160 keV/µm) beziehungsweise zwischen 2.65±0.18 und 2.45±0.23 unter 
normoxischen Bedingungen. Die OER-Werte nehmen mit ansteigendem LET ab. 
Unterschiedliche Ionen mit verschiedenem LET ergaben Werte zwischen 1.81±0.12 
für Kohlenstoff (100 keV/µm) und 1.30±0.04 für Stickstoff (160 keV/µm). Ein 
deutlicher Einfluss der Ordnungszahl konnte in diesem Bereicht nicht festgestellt 
werden. 
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3) Um einen möglichen Einfluss der Ordnungszahl auf die RBW  in normalem Gewebe und 
im Tumor zu bestimmen, wurden Bestrahlungen eines ausgedehnten Volumens mit Stickstoff 
und Sauerstoff durchgeführt und diese mit Experimenten mit Kohlenstoffionen verglichen. 
• Die Messungen resultierten in vergleichbarem Zellüberleben im Eingangsbereich und 
zeigten für Stickstoffionen die höchste Effizienz im Tumor. Mono-energetische 
Lithium Experimente zeigten RBW-Werte nahe 1 in den ersten Zentimetern des 
Plateaus und einen Anstieg des RBW im Bragg-Peak. Die Resultate wurden mit 
verschiedenen Modellrechnungen verglichen. 
4) Um die Situation in einem Tumor besser darzustellen und um die Expression von E-
Cadherin nach Bestrahlung mit Röntgenstrahlen und Kohlenstoffionen zu untersuchen, wurde 
die Zelllinie PC3 (humane Prostatakrebszellen) verwendet. 
Zellüberlebenskurven wurde mit normoxischen und reoxygenierten chronisch hypoxischen 
Zellen durchgeführt. 
• Nach 72 Stunden in Hypoxie/Reoxigenierung zeigten die Zellen eine Verringerung 
ihrer Strahlenresistenz nach Bestrahlung mit Röntgenstrahlen, nicht aber nach 
Bestrahlung mit Kohlenstoffionen. Eine Synchronisation des Zellzyklus aufgrund des 
Sauerstoffmangels könnte eine Erklärung dafür sein. 
5) Um den Einfluss der Strahlung auf die Adhäsionsmoleküle zu untersuchen und um den 
zugrundeliegenden Mechanismus zu verstehen, der in invasivem Verhalten resultiert, wurden 
Messungen der Protein- und Genexpression gemacht. 
Nach 24 Stunden Anoxie wurde kein Unterschied in der Proteinexpression festgestellt. 
Bestrahlung mit Röntgenstrahlen resultierte in einem leichten Anstieg der Expression von E-
Cadherin in hypoxischen Bedingungen verglichen mit normoxischen Bedingungen. Eine 
niedrige Dosis Kohlenstoffionen hatte eine Überexpression von E-Cadherin zur Folge. Nach 
Bestrahlung mit Röntgenstrahlen, wurde jedoch keine Überexpression gemessen. 
Röntgenstrahlen in niedrigen Dosen scheinen die Expression von E-Cadherin zu verringern 
im Vergleich mit unbestrahlten Zellen oder Zellen die hohen Dosen ausgesetzt waren. 
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Summary 
Hypoxia is one of the most common causes for tumor radio-resistance and metastasis. High 
LET irradiation is expected to reduce these problems. 
To measure the oxygen enhancement ratio (OER), the relative biological effectiveness (RBE) 
and the adhesion molecule expression, experiments with different LET, ions (carbon, 
nitrogen, oxygen and lithium) at different oxygen concentrations have been done.  
1) To simulate different tumor conditions, CHO-K1 (Chinese Hamster Ovary) cell survival, 
has been measured after x-ray or carbon (100 keV/µm) irradiation under normoxic (air), 
hypoxic (0.5% oxygen) and anoxic (0% oxygen) conditions.  
? The carbon irradiation gave an OER value of 1.8±0.1 in anoxia, while for photon 
irradiation it results in a value of 2.4±0.1. In hypoxia, the OER values decrease to 
1.29±0.07 and to 1.5±0.1 for carbon and photon irradiation respectively. 
2) To measure the influence of LET and atomic number on the OER, survival curves and 
measurement of RBE and OER with carbon ion at different LET, nitrogen and oxygen have 
been done.  
• The results showed that even if there were almost no differences in RBE in this LET 
range under oxic conditions, in anoxia RBE increases with increasing LET. The range 
of values found was from 3.1±0.2 for carbon 100 keV/µm to 4.4±0.2 for nitrogen 160 
keV/µm (anoxia) and from 2.6±0.2 to 2.4±0.2 (normoxia).  
OER values decrease with increasing LET. Using different ions with different LET, 
the values found were from 1.8±0.1 for carbon 100 keV/µm to 1.30±0.04 for nitrogen 
160 keV/µm. A clear influence of atomic number could not be seen in this atomic 
number range. 
3) To measure a possible influence of the atomic numbers on the RBE for normal tissue and 
tumor tissue, experiments with irradiation of extended volume have been performed with 
nitrogen and oxygen and compared with carbon measurements.  
• Measurements resulting in a comparable survival on the entrance channel and exhibit 
the highest efficiency in the tumor for nitrogen ion.   
Mono-energetic lithium experiments showed RBE values close to 1 in the first 
centimetres of the plateau and an increase in RBE inside the Bragg peak.  
Results were compared to different model calculations.    
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4) As a model to better resemble the conditions in a human tumor and to study the E-cadherin 
expression after X-ray and carbon ion exposure, the PC3 cell line (Human prostate cancer 
cells) has been used.  
Survival curves experiment with normoxic and re-oxygenated chronic hypoxic cells have 
been performed.  
• After 72 hours in hypoxia/re-oxygenation the cells showed a decrease in radio-
resistance when irradiated with X-rays but not when irradiated with carbon ions. Cell 
cycle synchronization due to an insufficient oxygenation could be the explanation for 
this.  
5) To study the adhesion molecules and to understand the underlying mechanisms that give to 
the cells the invasive phenotype measurements of E-cadherin protein and gene expression 
have been performed.  
No difference after 24 hours anoxia in the protein expression was discovered 
compared to the normal oxic condition.  
Irradiation with X-rays produces a slight increase of E-cadherin after hypoxic 
treatment compared to normoxic cells. A low dose of carbon ion irradiation resulted in 
an over-expression of E-cadherin. For X-rays, this effect was not found.  
X-ray irradiation with low doses seems to reduce E-cadherin expression compared to 
unirradiated cells or irradiation with high doses. 
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1 Introduction   
1.1 Objectives 
In 1997, a tumor-therapy using carbon ion [1,2,3] has been developed and started at GSI. 
After an initial phase where 440 patients with chordomas, chondrosarcomas and adenocystic 
carcinoma were successful treated, this technology was transferred into clinical facilities. The 
3-year local control was 81% for chordomas, 100% for chondrosarcomas, and 62% for 
adenoid cystic carcinomas and the five year tumor control rate was increased from 30-40% to 
80% after particle therapy treatment [4, 5, 6]. Common Toxicity Criteria Grade 4 or Grade 5 
toxicity was not observed [7]. As a result, combined proton and carbon machines are now 
running in many of the ion-beam radiotherapy units in the world, like Heidelberg and Pavia in 
Europe and many others in Japan. Although these accelerators nowadays use only carbon and 
proton for the treatment other ions heavier or lighter than carbon ion may offer specific 
advantages which need to be investigated.  
Open questions: 
1 Which ions show physical or biological advantages like lower lateral straggling 
compared to protons or higher RBE in the tumor region compared to carbon ions? 
2 Which of these advantages were still available, when an extended volume was 
irradiated and the effect entrance-tumor was compared?                                                                         
 Many tumors are poorly oxygenated and thus more radio-resistant, which often lead to local 
recurrences [8]. High LET irradiation is expected to reduce this effect in hypoxic tumor 
regions.                                                                           
? The question raised was: How is the reduction of the oxygen effect depending on LET 
and particle? 
The region of a tumor is the more aggressive part and often the tumor hypoxia is correlated to 
a poor prognosis due to the high metastasis grade that these tumor are associated with. Recent 
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theories show that ion irradiation suppresses the metastatic potential of the tumor [9]. Chronic 
hypoxia changes the cells metabolism, which involves also the adhesion molecules.  
Cadherins are among the most important and prominent adhesion molecule. Cadherins are 
involved in cell-cell adhesion as part of desmosomes and adherens junctions [10]. Every 
tissue has its own kind of cadherins, however sometimes in hypoxia this equilibrium changes 
and the cadherins change from one form to another one allowing migration and invasiveness 
of other tissues. E-cadherin, also called cadherin-1 in the human body is codified from the 
gene CDH-1. The prefix “E” indicates that these kinds of molecules are present in the 
Epithelium.  
? Investigate the gene expression of E-cadherin, in different oxygen condition and after 
irradiation with X-rays and carbon ion beam was another aim of this thesis.  
 
1.2 Physical properties of ionizing radiation 
 
The most prominent feature of accelerated ions for their use in radiotherapy is their optimal 
depth dose distribution. Compared to photon irradiation they show an inverse depth dose 
profile. The energy deposition increases slowly with depth up to a sharp maximum, the Bragg 
peak [11] at the end of the ions range. This allows delivering the maximum part of the dose to 
the tumor, sparing at the same time the normal tissue in the entrance [12]. Additionally, the 
position of the Bragg peak can be actively adapted in depth by varying the original energy of 
the particle. 
The energy deposited along the covered distance is defined as the linear energy transfer (LET) 
with the unit [keV/µm]  
 
 
                                                      LET = dE/dx                                              (1.1) 
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Figure 1.1 Depth dose profile of photons, protons and carbon ions (Courtesy of U.Weber) 
 
The relation between LET [keV/µm], dose D [Gy], fluence F [cm-2] and density of the 
irradiated material ρ [cm3/g] is given in equation 1.2  
 
                                                             D= 1.6 ·10-9· F· LET ·ρ-1                                                                 (1.2) 
 
1.3 Cell survival curve 
 
A cell survival curve is a method used in biology to study the effect of a specific drug or 
radiation on the surviving fraction of the cells. Many mathematical methods are then used to 
try to define the shape of a survival curve. The most famous and the most used is of course 
the linear quadratic method [13]. 
Cell survival is then graphically represented by plotting the surviving fraction of the cells on 
the ordinate in a logarithmic scale against the dose or the drug concentration on the abscissa.  
The survival fraction S after irradiation can be described with the linear-quadratic model [14, 
15, 16]. 
 
S=S0.e-αD-βD2 
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Where S0 is the survival fraction of the unirradiated cells (plating efficiency), α [Gy-1] the 
initial slope, where repairable damage plays a major role, and β [Gy-2] describes the increase 
of the slope (curvature), representing the irreparable complex damage induced by the 
accumulation of lesions. The dose α/β [Gy], where αD=βD2 is a measure for the radio-
sensitivity of the cell (fig. 1.2). A low α/β value indicates a high radio-resistance. 
With increasing LET the complex damage dominates and the term βD2 converges to zero 
leading to an exponential survival curve. 
 
 
Figure 1.2 Survival curve where is possible to see the alpha and beta values and their 
graphically representation.  
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1.4 Biological effectiveness  
 
Ions show an enhanced biological effectiveness compared to photon irradiation. These 
changes are the result of a complex interplay between physical parameters like the ionization 
density and biological parameters like the repair capacity of the cell system.  
The ionization density increases with increasing LET and decreasing energy of the particle. 
At the end of the particle range in the Bragg peak region it induces complex and mostly lethal 
damages to the cell. The different action of sparsely and densely ionizing radiation is 
quantitatively described in terms of the Relative Biological Effectiveness (RBE). RBE is the 
ratio of a standard radiation dose to a reference radiation dose producing the same biological 
effect: 
 
 
                                                  (1.3) 
              
  
RBE shows an individual dependence on the LET for every particle. For protons the RBE is 
increased only at the very distal end of the Bragg peak. In an extended volume it is mostly 
washed out due to the increase range straggling of the protons. In therapy application a 
generic RBE of 1.1 is used all over the treatment volume. For carbon ions the maximum of 
the RBE curve almost coincides with the maximum of the Bragg curve leading to a maximal 
effect for the tumor, for particles heavier than carbon the RBE maximum shifts more and 
more to proximal part of the Bragg peak and into the plateau, thus leading to complications in 
the normal tissue.            
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1.5 Hypoxia and OER (Oxygen Enhancement Ratio)  
 
Hypoxia is a characteristic feature of locally advanced solid tumors resulting from an 
imbalance between oxygen (O ) supply and consumption. 
 
2
 As a tumor grows, it rapidly 
outgrows its blood supply, leaving portions of the tumor with regions where the oxygen 
concentration is significantly lower than in normal tissues (fig 1.3). 
 
 
 
 
Figure 1.3 From normoxia to anoxia in a tumor [8] 
 
This increasing resistance to radiation therapy was demonstrated at the beginning of the last 
century. Difference in damage because of the oxygen content is due to the radiation-induced 
production of radicals in tissue and cells. These radicals react with the surrounding molecules 
like DNA. Present oxygen may react with these DNA radical to peroxides and thus fix the 
lesions in the DNA. In the absence of oxygen (hypoxia) the free DNA ends could be 
realigned, leading to an increased cell survival [8].   
The ratio between the dose under hypoxic conditions and to the dose under oxic conditions 
leading to the same biological effect is defined as Oxygen Enhancement Ratio (OER). 
 
                                                                                                      (1.4) 
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The OER ranges from 1 to 3 depending on cell or tissue type, quality of radiation and status of 
oxygenation [8]. Cells experiments show a steep decrease of the OER versus oxygen 
concentration, passing from 0% to 3% and level to a normoxia behavior above this 3% [17]. 
It is still controversy discussed whether the oxygen effect is dose modifying, i.e. independent 
from the survival level. 
High LET irradiation like ions induces more direct and irreparable lesions and the damage 
type leading to the oxygen effect plays a minor role. This is the most likely reason why the 
radio-resistance of hypoxic cells can partly be reduced by high LET irradiation. 
 
 
 
 
Figure 1.4 Hypoxia produces a metabolic change in the cell causing an adaptation to the 
stress condition [104]   
 
Beside the increased radio-resistance, where acute hypoxia plays an important role, chronic 
hypoxia has been shown to play a major role in several other ways of the tumor reaction. 
Many other factors depend on the hypoxia (fig1.4). 
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1.6 LEM Local Effect Model 
 
The complexity of the problem of the relative biological effectiveness (RBE) of heavy ions, 
depending on several parameters, e.g. ion species, beam energy, dose and cell- or tissue type, 
make it impossible to fully determine this quantity on experimental basis for all relevant 
situations, which may occur in a therapy-condition irradiation [Modeling the biological 
effects of heavy ion irradiation M. Scholz GSI].  
The ‘Local Effect Model’ (LEM) [106], is a biophysical model developed by Michael Scholz 
at GSI for solving this issue. The main idea of the model relies in the calculation of the 
biological effects induced by ions based on the local energy deposition within a cell nucleus. 
As visible in fig.1.5 (lower left), a typical distribution of energy deposition by ions is 
characterized by extremely high local doses close to the positions where particles are 
traversing the cell, while, between the trajectories, the dose levels are much lower. The 
corresponding distribution for a typical photon radiation is, instead, homogenous over the 
whole irradiated target, as visible in the upper right figure 
Figure 1.5 Dose distribution of ion beams compared to photon beams [Modeling the 
biological effects of heavy ion irradiation M. Scholz GSI]. 
 
From this simple consideration, the LEM is based on the calculation of biological effects in 
small sub-volumes of the cell nucleus where the dose distribution can be regarded as 
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homogenous, similar to the distribution of photons (lower right). In this volume element, 
thence, the expected biological effect is similar to the one induced by photons at the same 
dose level. An integration over all sub-volumes of a cell nucleus, then, allow to predict the 
effectiveness of ion radiation, from data available for conventional photon radiation.  
The model is presently the more accurate available in predicting biological effects of heavy 
ions and has been tested not only for in-vitro cell survival data, but also by comparison with 
in-vivo animal experiments, observing even in these cases an acceptable agreement. This 
allowed to efficiently use the model in the ion beam therapy pilot project at GSI, via 
implementation of the LEM in the treatment planning procedure for carbon ion therapy 
(TRiP98).  
The LEM, in recent years, has been modified several times in order to improve the accuracy 
of its predictions, as much as possible on mechanistic bases. E.g., in the last version of LEM 
there is a more detailed look on the local distribution and type of double strand breaks 
[Modeling the biological effects of heavy ion irradiation M. Scholz GSI]. 
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 1.7 Adhesion molecules and cancer metastasis  
 
1.7.1 Adhesion molecules  
 
Cells are wrapped with many different types of molecules that give them the possibility of 
attach to the extracellular matrix or to other cells [18]. 
These molecules have a lot of functions, such as to keep the tissues, to allow the migration of 
immune system cells and of course in choreographing tissue and organ formation during 
embryogenesis [18]. Embryo-cells separated in single cells and mixed in a culture dish tend to 
migrate and to regroup the right order. Such re-aggregation is of course due to these 
molecules and to their capacity to identify other molecules in a specific way. Adhesion 
molecules are integral membrane proteins. An extracellular domain, a trans-membrane 
domain and a cytoplasmatic domain that connect with cytoskeleton compose them. This bind 
serves to anchor the cell in a stable manner but in the same time dynamic and for this to allow 
the migration or movement in general.  
The adhesion molecules extracellular domains extend from the cell and connect to other cells 
or matrix by binding to other adhesion molecules of the same type, homophilic binding, or to 
other adhesion molecules, of a different type, heterophilic binding, or eventually binding to an 
intermediary ‘linker’ which itself binds to other adhesion molecules [19]. Different adhesion 
molecules have been identified, and they can be divided into four major families:  
• Cadherins allows adhesion via homophilic binding to other cadherins in a 
calcium-dependent mode. This is prove when the drop of calcium disrupts 
binding [19]. Cadherins are also important for segregating embryonic cells into 
tissues. They play an important role in desmosomes and adherents junctions. 
Finally they anchor cells through cytoplasmic actin and intermediate filaments 
[19]. 
• Immunoglobulin-like adhesion molecules are a huge group of protein that are 
produced from a not so big number of genes by alternative RNA splicing. This 
kind of molecules act equally with homophilic and with heterophilic binding. 
The best-studied members of this group are the neural cell adhesion molecules 
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(N-CAMs) expressed largely in nervous tissue and the intercellular cell 
adhesion molecules (ICAMs) [20]. 
• Integrins, which are heterodimeric glycoproteins, are made of two subunits, 
called alpha and beta, that both participating in the bond, and then take part in 
cell-cell adhesion and are of great importance in binding and interactions of 
cells with components of the extracellular matrix such as fibronectin[21]. This 
kind of molecule permits the interaction between skeleton and extracellular 
matrix and of course can activate a number of intracellular signalling and 
important cell functions [21]. Integrins exist in two diverse statuses: activated 
and not activated. Some of these molecules in fact are responsible for binding 
white blood cells to the endothelium in case of an inflammation. In the 
inactivated status this molecules do not interact with the cells in the blood that 
can easily circulate but in case of inflammation, become activated, and this 
produces a migration from blood into inflamed tissues of the white cells. 
Deficit in expression of the integrins results often in diseases characterized by 
unusual inflammatory responses [21]. 
• Selectins are a class of molecules that exactly like integrins are responsible for 
many host defence mechanisms. Selectins are principally expressed on 
leukocytes and endothelial cells [22]. In contrast to other cell adhesion 
molecules, selectins do not bind strongly because of the carbohydrate ligands 
that are relatively weak. The selectin-mediated interactions for example are 
responsible for promoting rolling of the leukocytes on the endothelium [21].  
“Most cells express several members of the adhesion molecule families described above. 
Their importance in development, host defence and tissue organization and repair may be 
deduced and has, in several cases, been dramatically confirmed by study of spontaneous and 
targeted mutations of their encoding genes”[10].  
 
1.7.2 E-Cadherin  
 
Cadherins, named for Calcium- Dependent Adhesion, are a class of transmembrane proteins 
(fig 1.6). These molecules permit that the tissues are bound together [23], they are really 
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important for the cell adhesion. Cadherins depend on the calcium ion (Ca2+). Characteristic 
structure for all cadherins is that they share cadherin repeats, which are the extracelular Ca2+-
binding domains [24]. Different types of cadherins can be distinguished, every tissue has its 
own specific cadherin and each is designated with a prefix. The cadherins of one type can 
cluster together but cannot cluster with the other types, both in cell culture and during 
development. N-cadherins cells will cluster always with other N-cadherins cells, and this of 
course allows keeping the correct tissue structure. In any case, many groups have observed 
heterotypic binding affinity in various assays. One current model proposes that cells 
distinguish cadherin subtypes based on kinetic specificity rather than thermodynamic 
specificity, as different types of cadherin homotypic bonds have different lifetimes [23]. 
 
 
 
 
 
Figure 1.6 Cadherins, actin filaments and catenins molecules interaction between two plasma 
membrane to form an adherens junction (Professor Danton H O’Day. University of Torontoa 
at Mississauga).  
 
E-cadherin is a member of this heterogeneous family and is present within epithelial cells, 
where it tends to localize to specialized junctions of the zonula adherens type (fig 1.5). 
The human E-cadherin gene (CDH1) is situated on chromosome 16q22.1. 
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The N-terminal domain of this molecule is the essential and extracellular part of it. Is 
fundamental for the process of homophilic calcium-dependent cell-cell adhesion. In a first 
step the molecule is processed and cut to release the N-terminal. Following the trimming 
process, E-cadherin is routed towards the baso-lateral surface of the epithelial cell. The 
mature E-cadherin, weighing approximately 120 kDa, is composed of a highly conserved 
carboxy-terminal cyto-domain, a single-pass trans-membrane domain and an extracellular 
domain that consists of repeated cadherin-motif subdomains, each harboring two conserved 
regions representing the putative calcium binding sites. The sub-domains are numbered C1-
C5 (where C1 is the most distant to the cell membrane) with the C1 sub domain containing a 
histidine-alanine-valine (HAV) sequence which is thought to be essential for the process of 
cell-cell adhesion [21]. In fig 1.7 a schematic representation of cadherin-bonds between cells 
is shown.  
 
 
 
Figure 1.7 “The formation of E-cadherin bonds between cells. (a) Calcium binding induces a 
conformational change in the hydrophobic pocket partly formed by the histidine-alanine-
valine (HAV) sequence. (b) The cis-interaction follows. (c) Trans-interaction results in 
adhesion between adjacent cells” [21] 
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1.7.3 E-Cadherin and tumor 
 
The importance of E-cadherin in tumor progression is well known. As described above, E-
cadherin is fundamental for the correct structure and architecture of the epithelium. The 
decrease of the number of E-cadherin molecules inside the tissue means loss of the integrity 
of the tissue itself, and this is a necessary requirement for the tumor progression [25]. In fact, 
reduction or loss of E-cadherin expression has been documented in a significant portion of 
tumors from varies organs [26, 27, 28, 29, 30, 31, 32, 33, 34]. 
The reduction, loss of expression, mutation of the gene of E-cadherin, interferes with the 
correct E-cadherin-catenin connection and results in a decrease of cell adhesion. The cell 
adhesion reduction is one of the major causes in tumor metastasis [35]. In gastric carcinoma 
for example, abnormal E-cadherin expression is immediately correlated with a patient’s poor 
prognosis [36].  
 
1.7.4 The role of hypoxia in E-Cadherin regulation and tumor 
metastasis 
Tumor cells lost the capacity to self-control and they start to grow faster and without contact 
inhibition and architecture structure. This uncontrolled growth of course produces cell 
overpopulation. Moreover the disorganization produces blind or incomplete vessels that in the 
end aggravate the oxygen and nutrient support. The lack of oxygen and nutrients generates a 
subpopulation of cells that are more resistant to chemotherapy and radiotherapy and with high 
grade of invasiveness and aggressiveness. 
The oxygen deprivation is a condition that is found in many malignant tumors. Especially big 
tumors can consist of large hypoxic areas. The cells that are more than 70 µm from a capillary 
are in a hypoxic condition; the ones even more far from it are in anoxia. Anoxic cells usually 
after many hours without oxygen support die and become necrotic cells.  
The overall effect of hypoxia on tumors appears to adversely affect the prognosis for the 
patients. Hypoxia seems to be also one of the most prominent causes of an increase of 
invasiveness and metastasis [37]. Hypoxia could then be the factor that could set in motion a 
chain of events that lead to upgrade the metastatic potential of the tumor [37]. 
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One of the prerequisite for acquiring migration/invasive phenotype of prostate cancer cells in 
fact seems to be the epithelial-to-mesenchymal transition (EMT) (role of E-cadherin in 
antimigratory and antiinvasive efficacy of silibinin in prostate cancer cells).  
Metastasis formation is a complex mechanism that involves many metabolic pathways and of 
course that involves the regulation of different gene products: cell-cell and cell-extracellular 
matrix receptor, before moving from the primary tumor mass cells must somehow come off 
from it, proteolytic enzymes that facilitate the breakdown and invasion of the basement 
membrane, vascular channels and organs, motility factors that allow migration through 
tissues, receptors mediating organ specific invasion, growth factors necessary for the 
maintenance of the tumor micro colonies in the secondary organ, angiogenic factor that result 
in neo-vascularity of the metastasis, allowing the supply of nutrients, removal of metabolites, 
and spread of metastatic cells [38]. 
The result would be that in the tumor area there is a production of a lot of active substances, 
like peptide growth, cytotoxic factors, cytokines. 
The cells population around the area would have mutated DNA damage and because of E-
cadherin decrease, more aggressive and with higher angiogenesis capacity. 
This cells subpopulation is then the most adapt to invade the healthy tissue around [38].   
Anyway is now well-known that a specific subpopulation of cells, called stem-like cells, is 
responsible for tumor metastasis. The metastatic process is a complex process that is 
inefficient for many cancer cell types and only a minority of cancer cell population can 
accomplish [39]. The cellular origin, intrinsic properties of the tumour, tissue affinities and 
circulation patterns determine not only the sites of tumour spread, but also the temporal 
course and severity of metastasis to vital organs [40, 41]. Glioblastoma multiforme (GMB) is 
one of the most aggressive tumors. The estimated patient median survival is fifteen month due 
to the aggressive infiltration in the healthy tissue around. Responsible to this aggressiveness is 
then a small population of cells [41]. Those cells usually are hidden inside the hypoxic part of 
the tumor, as shown in figure 1.8.  
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Figure 1.8 Cancer stem cells are allocated in the tumor hypoxic areas [42] 
 
The identification and isolation of these cells can be performed in vitro by specific markers. 
An experiment to evaluate and to confirm the theory that just a subpopulation of cells is 
responsible for tumor progression then has been done by Huang et al. A subpopulation of 
CSC (cancer stem cells) has been separated from the tumor mass and directly introduced into 
mice through vein injection. The same has been done also for normal tumor cells. The results 
were that only the CSC cells were able to re-growth and to produce metastasis [41]. 
Further experiments are necessary to try to understand the metastatic process and to discover 
the subpopulation of cells responsible for metastasis and cancer recurrence. A detailed study 
about this kind of cells, and the possibility to hit preferentially this subpopulation of cells, 
could produce a high reduction of cancer deaths.   
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2 Material and Methods  
2.1 CHO Cell line and culture conditions 
 
Experiments were performed using the CHO-K1 (Chinese hamster ovary) cell line. Cells were 
grown in Ham’s F12 medium supplemented with 10% fetal calf serum (FCS), and 1% 100 
U/ml Penicillin / 100µg/ml Streptomycin and incubated in a humidified atmosphere at 37° and 
5% CO2.  The cells had a cell cycle time of 11 ± 1.15 hours and a plating efficiency of 0.70 ± 
0.18. The cells were separated and then counted with an electronic particle size analyzer (Z2 
Coulter Counter, Beckmann Coulter, Krefeld Germany) within the limits 7-18 µm before the 
cells were reseeded in desired dilution or numbers. 
For irradiation, cells were grown as monolayer log-phase cultures in specially designed 
vessels (paragraph 2.4). For comparison standard curves in 25cm2 culture flasks were 
performed with x-rays. 
 
2.2 PC3 Cell line and culture conditions 
 
The PC3 cell line was initiated from a bone metastasis of a grade IV prostatic adenocarcinoma 
from a 62 years old male Caucasian. Cells were grown in 225 ml of Ham’s F12 medium+225 
ml of RPMI+ 5 ml L-glutamine 200 mM supplemented with 10% fetal calf serum (FCS), and 
1% 100 U/ml Penicillin / 100µg/ml streptomycin and incubated in a humidified atmosphere at 
37° and 5% CO2.  The passage was done twice per week with 3 x 105 cells in 25 cm2 culture 
flask with 5 ml culture medium.  
The cells were separated with trypsin (0.5g/l trypsin, 1.0g/l EDTA in PBS) and counted with 
the electronic particle size analyzer within the limits 9-26 µm before the cells were reseeded 
in desired dilution or numbers. For irradiation, cells were grown as monolayer log-phase 
cultures in tissue culture flask.  
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2.3 Culture conditions 
 
2.3.1 Cryopreservation 
 
To preserve them, the cells were stored in liquid nitrogen at -196°C. The cells were 
trypsinized and pelleted by centrifugation for 10 min at 4° C with 107g. After the discard of 
the media, the cells were resuspended in cooled culture medium containing 20% FCS and 
10% dimethyl sulfoxide (DMSO, Applichem, Darmstadt, Germany) beside the normal 
medium components. Two ml of cells suspension were transferred to cryotubes. The samples 
were then frozen to -80°C in precooled isopropanol vessels (Nalgene Cryo 1° Freezing 
Container, VWR, Germany) in a controlled manner. After 24 hours the tubes were transferred 
into the liquid nitrogen. 
For the cultivation the cells were defrosted at room temperature and reseeded in 15 ml normal 
culture medium pre-warmed to 37° C. To remove the DMSO, after that the cells were attached 
at tissue culture flask surface, proximally 4 hours, the media was changed.  
 
2.3.2 Clonogenical survival assay  
 
After irradiation a clonogenical survival assay has been done. The trypsinized cells (1 ml of 
trypsin) were reseeded in 25 cm2 tissue culture flask. The inoculums (I) for the cell survival 
were calculated according to the equation:  
 
                                                  PESN
N=I
ml
C
ml ⋅                                                (2.1) 
                                  
Where Nc is the ideal colony number/culture flask, Nml is the cell number/ml in the cell 
suspension, S the reduced survival after irradiation, PE the expected plating efficiency. The 
plating efficiency describes the percentage of cells that are able to proliferate and form 
colonies. Nc was 100 for CHO cells and 200 for PC3 cells. The incubation time was 7 days for 
CHO cells and 12 days for PC3 cells. After this time the colonies were stained with methylene 
blue (3 ml three-fold for PC3 and 3 ml one-fold for CHO). For PC3 cells a previous fixation 
with 2 ml ethanol 70% was done.  The staining solution was discarded and the culture flasks 
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were washed with 3ml purified water and then air dried under the fume hood. The stained 
colonies were counted with a stereomicroscope. Colonies with more than 50 cells were 
counted as surviving cell. The plating efficiency was then calculated with the following 
formula:  
                                                
mlml
R
NI
DN=PE )0( =
                                                 (2.2) 
 
Where NR is the average of the resulting colony number/sample and D is the corresponding 
applied dose, null in the case of plating efficiency.  
And the survival of the irradiated samples with: 
 
                                                     PENI
DN=S
mlml
R )(
                                                  (2.3) 
 
where now D > 0, normalized for plating efficiency.  
 
2.3.3 Growth curves 
 
The cell doubling time tD was determined from the exponential part of the growth curve.  
A growth curve is divided in three phases: 
An initial, flat lag-phase, where the cells after seeding attach to the surface and start 
proliferation, an exponential phase, where the cells proliferate with a constant doubling time, 
and a stationary phase, where the cells stop proliferation due to a limited growth area. In the 
experiments, 5 X 104 cells were seeded in 25 cm2. Over 6 days the total cell number per flask 
was counted. Then the doubling time was determined from the exponential part of the curve. 
 
 
                                                         
τ
t
eN=N 0                                                   (2.4) 
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2.4 Hypoxia chamber 
 
For the irradiation under hypoxic conditions a special designed exposure chamber has been 
used, that allows irradiating cell cultures with x-rays or ions under defined oxygen conditions 
[43].  
The chamber is cut out of one piece of polyetheretherketone (PEEK). The front wall is used as 
irradiation window and has a thickness of 1mm. A system of hose couplings allows to gas the 
chamber for a certain time and to keep it gas-tight afterwards for irradiation. 
 
 
         
 
 
 
 
 
 
 
Figure 2.1 Hypoxic chamber (left) and sample ring with foil and cells (right) 
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2.4.1 Cell sample and handling 
 
 2.4.1.2 Gassing modalities 
 
The gas flow was measured with a thermal mass flow meter calibrated for nitrogen (red-y, 
flow technology by Vögtlin). The standard experimental protocol was 2 h gassing with 200 
ml/min. Standard-gas mixtures used were 95% N2; 5% CO2 and 94.5% N2; 5% CO2; 0.5% O2. 
2.5 Extended volume device 
 
For the irradiation of extended volumes simulating therapy conditions an acrylic phantom 
with a size of 5 cm X 10 cm X 16 cm has been used. A fixing system at the inner side walls 
allows the positioning of the cell-carrying polystyrol slides (Greiner, custom product) with a 
spatial resolution of 5 mm in beam direction. On every slide 50000 cells were seeded one day 
prior to irradiation. Before irradiation, the phantom was filled with medium and the slides 
were allocated on the requested position.   
For the nitrogen and oxygen experiments extended volumes of 4 cm at a depth of 6-10 cm 
have been irradiated.  
For the lithium experiment irradiation has been performed with one energy and cell survival 
has been measured along a single Bragg peak 
 
                             
 
Figure 2.2 Acrylic phantom used for the extended volume measurements  
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2.6 Cell irradiation procedure 
 
2.6.1 X-ray irradiation                                                                                                     
X-ray irradiation was performed using an x-ray generator Isovolt DSI (Seifert, Ahrensberg) 
with a 7 mm beryllium, 1mm aluminum and 1mm copper filter system, operating 250 kV and 
16 mA. The dose rate was 2.4 Gy/min, determined by an ionization chamber (SNA4, PTW 
Freiburg, Germany). Administered doses were 1-12 Gy under oxic conditions and 2-24 Gy 
under hypoxic conditions. 
 
2.6.2 Irradiation of the hypoxic chambers with ions 
 
To obtain a sufficient high LET, the chambers were irradiated with an extended Bragg peak of 
1cm thickness using a bolus and 5 irradiation energies. Fig 2.3 shows an example for the 
irradiation with Carbon ions. The LET of 100 keV/µm at the indicated cell position is then the 
dose averaged LET. 
The dose averaged LET as shown in the formula below, is the summation of the LET of all 
the individual fragments weighted for their relative doses for every single segment of the 
track. 
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Hypoxic chambers, 10mm SOBP
 
 
Figure 2.3 On the top physical dose of an extended Bragg peak of 1 cm. In the picture below 
the LET variation and the cell position for a dose averaged LET values of 100 keV/µm are 
shown 
 
Nitrogen and Carbon ions experiments were performed at SIS in GSI, while the Oxygen 
experiments were performed at HIT Heidelberg.          
                                                                                              
2.7 Polymerase Chain Reaction (PCR Real Time)  
 
Total RNA was isolated from each cell line using RNA purification Ki (EPICENTRE 
BIOTECHNOLOGIES) in accordance with the manufacturer’s instructions. Two micrograms 
of total RNA from each cell line was reverse transcribed using random primers with the 
cDNA Synthesis Kit (RevertAidTm First Strand cDNA Synthesis FERMENTAS life 
Sciences). 
The resulting cDNA were mixed with the Fast SYBR Green PCR master mix (Applied 
Biosystems) and run on the StepOnePlus Applied Biosystem Real Time PCR machine. Cycle 
used was: Holding stage 20 sec 95˚C; Cycling stage (40 cycles) 95˚C 3 sec, 60˚C 30 sec; melt 
curve stage 95˚C 15 sec 60˚C 1 min 95˚C 15 sec, with fluorescence measured during the 
Bolus (PMMA): 30mm 
 
Energies: 5 
 
Emin:  120.45 MeV/u 
Emax:  135.16 MeV/u 
i
i
i
i
i
i
i
i
i
i
i
FLET
FLET
D
DLET
LET ∑
∑
∑
∑
==
2
Di= Dose  
Fi= Fluence
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extension. Primers produced by Quantitect Primer Assay (for 200 X 50 µl reactions per assay, 
QIAGEN GmbH). 
The relative quantification (RQ) value reflects the fold changes of mRNA expression in 
dependence on irradiation and oxygen concentration, compared to unirradiated and normoxic 
conditions. RQ was calculated using the comparative CT (∆∆ CT) method normalized by the 
expression of the housekeeping gene, GAPDH (glyceraldeyde-3-phosphate dehyhdrogenase). 
Three independent experiments were performed where every experiment is in triplicate.  
  
2.8 Western Blot analysis 
 
Cell lysates were prepared using the RIPA buffer and protein concentration was determined 
by the Bradford method, using Coomassie blue-brilliant.  For the standard curve Bovine 
serum albumin (BSA) has been used with a concentration of 5-40 µg/ml.  
Proteins were resolved by 3.2% to 20% SDS-PAGE and transferred onto PVDF 
(polyvinylidene) fluoride membranes for immunoblotting. Immunoblotting assays were 
carried out by standard procedures. Anti tubulin antibody was used to confirm equal protein 
loading.  Anti-mouse HRP linked (Horseradish Peroxidase) was used as second antibody to 
visualize protein bands.  
 
2.9 Immunocitochemistry analysis 
 
For these measurements E-cadherin 1µl / 1 ml (1%BSA) has been used as primary antibody 
and Alexa fluor 568 1µl / 1 ml (1%BSA) as secondary antibody.. 
PC3 Cells in Petri dishes were grown for one day in  the incubator at 5% CO2 37˚ C under 
oxic conditions and than for 24 hours in the hypxic chamber under  anoxic conditions. After 
that, medium has been removed and the cells were washed with PBS after every passage. First 
the cells were treated with 1000 µl of 5% of formaldehyde for 15 minutes, then with TRITON 
solution (0.25% triton in PBS) for 10 minutes and after that with 1000 µl of 1% BSA for 30 
minutes. The first antibody then has been spread on the cells and kept for one hour at room 
temperature. After one hour the cells were washed with PBS for 5 minutes to remove the 
excess antibody. In the darkness the cells were covered with the secondary antibody for one 
hour.  
The cells then were treated with 1 ml of DAPI solution (0.2 µg/ml) for 15 min and afterwards 
with VECTA SHIELD 15 µl.  
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3 Results 
3.1 Measurements with CHO-K1 cells 
 
3.1.1 Growth curves 
 
 (10X) 
 
Fig. 3.1 CHO cells with a 10X magnification  
 
In this work, Growth curves for CHO-K1 cells (fig 3.1) have been performed using two 
different devices 
a)  A PVC ring with a bio-foil of 25 µm thickness as bottom on which the cells are grown. 
This device normally is used in the hypoxic chamber. 
b) 25 mm² tissue culture flasks (TCF) as standard condition. Under both conditions, the cells 
had a doubling time of 11 ± 1.15 hours and a plating efficiency of 0.70 ± 0.18 (Fig.3.2).  
Error bars are the results of two different measurements performed on different days but 
under the same experimental conditions. 
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Figure 3.2 Cell growth curves of CHO cells using two different devices. Tissue Culture Flask 
(TCF) and bio-foil (ring) 
 
3.1.2 Cell survival after x-ray irradiation in dependence on oxygen 
status   
 
Cell survival after x-ray irradiation has been measured under oxic, hypoxic and anoxic 
conditions. 
The resulting survival curves are shown in fig.3.3. Error bars are the result of 10 individual 
measurements. Under fully anoxic conditions the OER is 2.4±0.1 independently from the 
survival level, i.e. oxygen acted as a dose modifier. Under hypoxia (0.5% oxygen) the OER is 
reduced to 1.5±0.1 (Table 3.1). 
 
 
OER Anoxia OER Hypoxia 
2.4±0.1 1.5±0.1 
 
Table 3.1 OER after x-ray irradiation under two different oxygenation conditions  
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Figure 3.3 Survival of CHO-K1 cells after irradiation in air, hypoxic and anoxic conditions  
 
Table 3.2 shows the corresponding alpha and beta values. 
 
Α oxic β oxic α hypoxic β hypoxic α anoxic β anoxic 
0.17±0.02 0.008±0.001 0.10±0.03 0.009±0.002 0.09±0.04 0.002±0.002 
 
Table 3.2 The alpha and beta values for the three survival curves of figure 3.3  
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3.1.3 Cell survival after carbon ion irradiation at different oxygen 
conditions        
Cell survival experiments comparing oxic, hypoxic and anoxic conditions have also been 
performed with carbon ions with a dose averaged LET of 100 keV/µm. The resulting survival 
curves are shown in Fig 3.4.  
 
 
           
Figure 3.4 Survival of CHO-K1 cells after irradiation with carbon ions under oxic, hypoxic 
and anoxic conditions  
 
Error bars are the result of 3 different experiments. At a dose averaged LET of 100 keV/µm a 
fit of the curves gives a β value, that is compatible with 0 and the curves can be regarded as 
pure exponential. The resulting α values are shown in table 3.3. The α value decreases with 
decreasing oxygen content of the gas. 
From these curves OER values and in comparison to the corresponding x-ray curves RBE 
values have been calculated. They are shown in table 3.4.  
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Α oxic α hypoxic α anoxic 
0.80±0.01 0.60±0.02 0.46±0.02 
 
Table 3.3 Alpha values for survival after 100 keV//µm carbon irradiation   
 
OER10 
Hypoxic 
OER10 
Anoxic 
RBE10
 Oxic 
RBE10
Hypoxic 
RBE10 
Anoxic 
1.29±0.07 1.8±0.1 2.6±0.1 3.0±0.1 3.1±0.2 
 
Table 3.4 RBE and OER after irradiation with carbon ions of a dose averaged LET value of 
100 keV//µm under oxic hypoxic and anoxic conditions 
 
 
 
Figure 3.5 Survival of CHO-K1 cells after irradiation with carbon ions and X-ray under oxic 
condition  
 
Compared to x-ray irradiation the OER after 100 keV/µm carbon irradiation is reduced from 
1.53 to 1.29 in hypoxia (Fig. 3.6) and from 2.42 to 1.81 in anoxia (Fig. 3.7). These results in 
an enhanced RBE for the hypoxic and the anoxic state compared to normoxia. 
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Figure 3.6 Survival of CHO-K1 cells after irradiation with carbon ions and X-ray under 
hypoxic (0.5% Oxygen) condition  
 
 
                  
 
Figure 3.7 Survival of CHO-K1 cells after irradiation with carbon ions and X-ray under 
anoxic (0 % Oxygen) condition  
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3.1.4 OER and RBE dependence on dose averaged LET for 
irradiation with different ions 
 
To measure the OER and RBE dependence from LET and to see the influence of different 
ions, cells were irradiated with carbon ions with a dose averaged LET of 100 and 150 
keV/µm, with oxygen ions 140 keV/µm and with nitrogen ions 160 keV/µm both under oxic 
and anoxic conditions. The resulting survival curves are shown in Fig 3.8. Error bars are the 
result from at least two different measurements.  
 
 
 
 
Figure 3.8 Survival of CHO-K1 cells after irradiation with carbon, nitrogen and oxygen ions 
under oxic, hypoxic and anoxic conditions  
 
The corresponding alpha values are shown in table 3.5. Within the error bars there is no 
considerably influence of the LET on the alpha values under oxic conditions. The slightly 
deviating value for oxygen is probably more resulting from technical problems than 
depending on the higher atomic number. Under anoxic conditions there is an increase in α 
with increasing LET, also here oxygen seems to be an outlier. The different behaviour under 
oxic and anoxic conditions leads decreasing OER with increasing LET.  
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OXIC 
Dose averaged LET Carbon 100 Oxygen 140 Carbon 150 Nitrogen 160 
α values 0.80±0.01 0.70±0.03 0.79±0.04 0.78±0.02 
 
N
Dose averaged LET Carbon 100 Oxygen 140 Carbon 150 Nitrogen 160 
A OXIC 
α values 0.46±0.02 0.50±0.1 0.60±0.03 0.58±0.06 
 
Table 3.5 T  β value fo t tw
xygen in oxic and anoxic conditions  
ses from a maximum of 1.8 obtained with carbon ions 
t 100 keV/µm, to a minimum value of 1.30 obtained with nitrogen at 160 keV/µm. 
compared to survival after x-ray 
radiation under oxic (Fig.3.9) and anoxic conditions (Fig.3.10). 
lues vary around 2.5 with a 
(Fig.3.10). 
he α and r carbon a o different dose averaged LET, nitrogen and 
o
 
As shown in table 3.6 the OER decrea
a
 
 
 
 
   
 
 
 
 
Table 3.6 OER and RBE value for different ions and LET  
 
To calculate the RBE values, measurements have to be 
ir
As a result of the similar α values under oxic conditions, no further increase in RBE in the 
measured LET range could be found in normoxia. The RBE10 va
deviation again for the irradiation with oxygen.   
To study the RBE values, was then necessary to plot the ions curve with x-ray for the same 
oxygenation condition: oxic (Fig.3.9) and anoxic 
 
2.4±0.2 
 
4.5±0.2 
 
1.30 ±0.04 
 
Nitrogen, LET=160 keV/µm 
 
2.5±0.2 
 
4.1±0.2 
 
1.33±0.05 
 
Carbon, LET=150keV/µm 
 
2.2±0.2 
 
3.8±0.3 
 
1.4±0.2 
 
Oxygen, LET=140 keV/µm 
 
2.6±0.2 
 
RBE10
oxic 
 
Carbon, LET=100keV/µm  3.1±0.2 1.8±0.1 
RBE10
anoxic 
OER10
anoxic 
OER and RBE 
measurements 
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No RBE values increase was found for the oxic condition.  
As it is possible to see from figure 3.9, the increase of dose averaged LET produce almost no 
es no increase for the ratio dose 
normoxic (air + 5% CO2) conditions 
n is different. The increase of α with increasing LET 
ads to an increase in RBE for irradiation under anoxia (tab. 3.6). In the measured LET 
difference in the alpha values for the ion curves. This produc
oxic/dose ion at 10% of survival fraction and LET and this means no difference in RBE (fig 
3.9).  Even when the alpha values are considering, table 3.5, almost no differences were 
found. 
 
 
 
Figure 3.9 Clonogenic survival of CHO-K1 cells after X-ray and ion irradiation under 
 
Under anoxic conditions, the situatio
le
range, RBE10 values range from 3.1 for Carbon (100 keV/µm) to 4.46 for Nitrogen (160 
keV/µm).  
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Figure 3.10 Clonogenic survival of CHO-K1 cells after X-ray and ion irradiation under 
anoxic (95% nitrogen + 5% CO2) conditions  
 
3.1.5 Measurements with 7Li ions 
 
As example of an ion lighter than carbon, lithium was chosen. 
To simulate the effect on the entrance channel irradiation was performed using a lithium beam 
with energy of 50.8 MeV/um, corresponding to a range in water of 1.76 cm. 
In figure 3.11 the obtained survival curve, the sum of two individual measurements is plotted 
against an x-rays curve under similar conditions. The RBE value calculated for those survival 
curves is 1.04±0.03, which can be regarded as compatible with 1. 
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Figure 3.11 Lithium-7 50.8 MeV/µ corresponding to the entrance channel compared with an 
X-ray curve 
 
The corresponding alpha and beta values for those survival curves calculated are reported in 
table 3.7.  
 
 α β 
Lithium 0.250±0.027 0.00895±0.0028
X-ray 0.244±0.032 0.00977±0.0032
 
Table 3.7 Alpha and Beta values for lithium ions and X-ray survival curves  
 
To measure the survival along a Bragg peak, an experiment using the acrylic phantom has 
been performed with a lithium beam of 116 MeV/u. Results are shown in figure 3.12 where 
the survival (top) is compared to the corresponding physical dose (bottom). Whereas the 
survival in the plateau is similar to x-ray irradiation, an RBE close to 2 could be expected for 
Bragg peak ions from this experiment.  
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Figure 3.12 Lithium-7 Bragg peak, experimental points compared with LEM IV prediction on 
the top figure and physical dose on the bottom figure  
 
3.1.6 Extended volume experiments. Nitrogen and Oxygen ions 
comparison  
 
To compare the efficiency of nitrogen and oxygen ions, irradiation with an extended Bragg 
peak of 4 cm in a depth of 6 to 10 cm has been performed using the acrylic phantom. The 
dose was chosen to reach the same survival in the entrance. Irradiation was performed from 
one field. Results are shown in fig. 3.13. Plotted points are the average from two individual 
measurements.    
 
 
 36
 
 
Figure 3.13 Oxygen and nitrogen 4 cm spread out Bragg peak 
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3.2 PC3 cells irradiation  
 
3.2.1 OER for PC3 cells after re-oxygenation and X-ray 
irradiation  
 
To study the influence of hypoxic pre-treatment on the radiation response of the cell line PC3, 
clonogenic survival after x-ray irradiation was measured under normoxic conditions (red 
curve Fig 3.14) and re-oxygenation after hypoxia (blue curve). The cells were incubated for 
72 hours in a hypoxic incubator with 0.5% oxygen, then re-oxygenated for 1 hour and 
irradiated with X-rays. For each curve two control samples were sham irradiated, to determine 
the plating efficiency (PE) under the respective conditions. 
Results show, that 72 hours of hypoxia produce an increase in radio-sensitivity of the cells.  
 
 
 
 
Figure 3.14 Survival curves for PC3 cells irradiated with X-rays in oxic and re-oxygenated 
conditions 
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3.2.2 OER and RBE for PC3 cells after re-oxygenation and carbon 
ion irradiation  
 
Measurements of the influence of a hypoxic pre-treatment of PC3 cells have also been 
performed with carbon ions with a dose averaged LET of 100 keV/µm. Results of the 
irradiation at two different oxygen conditions hypoxia/reoxygenated (blue curve) and 
normoxic (red curve) are shown in fig. 3.15. Data show the average of two individual 
irradiations. 
No differences in radio-sensitivity of the cells were found in this experiment.   
 
 
 
 
Figure 3.15 Survival curves for PC3 cells irradiated in oxic and re-oxygenated conditions 
with carbon ions, with a dose averaged LET of 100  keV/µm 
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The alpha values of the survival curves were 1.6±0.1 under oxic and 1.6±0.2 und re-
oxigenated conditions. 
 
PC3 cells hypoxic oxic 
α values 1.6±0.2 1.6±0.1 
 
Table 3.8 Alpha values of survival curves calculated irradiating PC3 cell line with carbon 
ion for two oxygenation conditions   
 
3.3 E-Cadherin expression in PC3 cells.  
 
Protein expression and gene expression has been measured in dependence on oxygen 
conditions and irradiation.  
Measurements of the influence of a hypoxic pre-treatment of PC3 cells have also been 
performed with carbon ions with a dose averaged LET of 100 keV/µm. Results of the 
irradiation at two different oxygen conditions hypoxia/re-oxygenated (blue curve) and 
normoxic (red curve) are shown in fig. 3.15. Data show the average of two individual 
irradiations. 
No E-cadherin changes in protein expression have been found in this work demonstrating that 
perhaps 24 hours is not enough time to produce changing in the turn-over of this molecules. 
Afterwards a further analysis about the gene profile expression with a Real time PCR has 
been done demonstrating a slightly decrease of the gene expression in hypoxia and an 
increase after low dose ions irradiation. Cells surface protein visualization of E-cadherin has 
been done with an immunocitochemistry analysis.  
 
3.3.1 Western blot analysis of E-Cadherin protein expression 
 
The PC3 cells were kept for 24 hours in the incubator at 37˚C in anoxia (0% oxygen), hypoxia 
(0.5% oxygen) or under normoxic conditions. Western blot results showed almost no 
difference in protein expression, demonstrating that perhaps 24 hours are not enough time to 
produce a change in the turn-over of these molecules.  
The experiment was repeated four times. 
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Therefore it was decided to prolong the incubation time in hypoxia to 72 hours. A completely 
anoxic treatment was not possible for such a long time.  
 
Oxic Anoxic Hypoxic 
E-cadherin 
Tubulin 
                
Figure 3.16 Western blot analysis of E-cadherin in three different oxygenation conditions  
 
3.3.2 Real Time PCR analysis of E-Cadherin mRNA expression 
 
For the measurement of the gene profile expression through Real Time PCR cells were held in 
a hypoxic incubator (5% carbon dioxide, 0.5% oxygen and 94.5% nitrogen) for 72 hours, re-
oxygenated for 1 hour, irradiated and then reseeded in oxic condition in a number of 300.000 
cells. After 3 days the cells were analyzed. The oxic cells were kept for all the time in normal 
oxygen concentration.  
Figure 3.17 shows the results after irradiation with a carbon ion beam with a dose averaged 
LET of 100 keV/µm. Cells were irradiated with 0.4 and 1.6 Gy.  
 
C-Ion
0
1
2
3
4
5
6
7
0 0.4 1.6
Dose [Gy]
Re
la
tiv
e 
Q
ua
nt
ifi
ca
tio
n
Hypoxic
Oxic
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 RT-PCR analysis of E-cadherin mRNA after irradiation with carbon ions after 
treatment under two different oxygenation conditions 
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In fig. 3.18 the corresponding data after X-ray irradiation with 0.4, 1.6 and 6 Gy are shown. 
From both experiments it can be seen that for the unirradiated cells hypoxic pretreatment 
leads to a decrease of E-cadherin transcript. Additionally, for the irradiation with carbon ions 
an over-expression of E-cadherin at 0.4 Gy can be seen for the oxic as well as for the hypoxic 
pretreatment. 
Irradiation with X-rays produces a slight increase of E-cadherin after hypoxic treatment 
compared to normoxic cells. A singular dose with an extreme over-expression of E-cadherin 
like seen after carbon irradiation could not be measured after irradiation with x-rays (X-ray 
irradiation with low doses seems rather to reduce E-cadherin expression compared to 
unirradiated cells or irradiation with high doses). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
X-ray
0
0.5
1
1.5
2
0 0.4 1.6 6
Dose [Gy]
Re
la
tiv
e 
Q
ua
nt
ifi
ca
tio
n
Hypoxic
Oxic
 
Figure 3.18 RT-PCR analysis of E-cadherin mRNA after irradiation with X-rays, after 
treatment under two different oxygenation conditions 
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3.3.3 Immunocytochemistry analysis of E-cadherin      
 
To observe the E-cadherin protein on the cells surface an immunocytochemistry analysis has 
been done. In oxic condition the cells were allowed to growth for 3 days in Petri dishes and 
keep at 37˚C in incubator. The picture below (Fig. 3.19) shows in red E-cadherin molecules 
that are around the cells membrane. In blue the cells nuclei stained with DAPI. 
 
 
 
 
 
 
 
 
 
 
 
 
 45 µm 
 
 
Figure 3.19 E-cadherin in red, wraps completely the cells membrane. In blue, colored with 
DAPI, the cells nuclei (Oxic condition)  
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For the anoxic condition the cells were growth for 48 hours at 37˚ degree, then gassed for 2 
hours with 95% nitrogen and 5% CO2 and then kept in anoxia for other 24 hours in the 
incubator (Fig.3.20). 
 
 
 45 µm 
 
 
 
Figure 3.20 Anoxic condition, for PC3 cells. Photo taken after 24 hours of anoxia. E-
cadherin in red. In blue, colored with DAPI, cells nuclei  
 
After 24 hours anoxia, the E-cadherin on the PC3 cells is reduced.  
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4 Discussion 
4.1 Hypoxia  
 
Hypoxia is among the most common causes for increased tumor radioresistance in 
radiotherapy. The hypoxic area is not only more resistant to radiation, but also to other 
therapies. This is the case of chemotherapy, because drugs will not reach poorly-vascularized 
areas of the tumor. Moreover hypoxic cells are more aggressive and invasive.  
 
 
Figure 4.1 Positron emission tomography (PET) with [18-F]-Fluoromisonidazole (Fmiso) 
tracer. Image by Daniela Thorwarth, Department of Medical Physics Ebherard Karls 
Universität, Tübingen 
The ion beam reduces the radio-resistance of the hypoxic cells. The damage produced by ion 
beams is less influenced by oxygen concentration and consequently, particle therapy promises 
better success in the fight against hypoxic tumors. 
A new treatment planning based on the hypoxic targeting is necessary to treat tumors with 
markedly different oxygen concentrations. Similar approaches, based on the hypoxia imaging 
data available from PET tracers, have been developed for conventional radiotherapy (Figure 
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4.1 [44]), while very recently this feature has been also introduced into particle therapy, 
becoming one of the most important directions of development for the GSI treatment planning 
system  TRiP98 [89-92]. 
TRiP98 (Treatment planning for particles) is a code produced in connection with the pilot 
project at GSI (1997-2008) and is now, after more then 10 years, developed in several 
directions, including treatment of moving targets, modeling different ions etc. [45-48]. 
TRiP98 is designed to import biological/physical effect look-up-tables. These databases are 
produced and/or benchmarked by experiments.  The key difference with conventional 
radiotherapy is that the OER dependence should be mapped not only as a function of oxygen 
concentration but also on the LET. Therefore, an extensive experimental investigation of cell 
response as a function of these parameters is needed. Since high LET radiation produces an 
OER decrease, an ion plan can then be set up in order to concentrate the stopping particles 
(high-LET) in the more hypoxic regions. Moreover, ions heavier than carbon could be used to 
further reduce OER of the highly hypoxic, radio-resistant cancer cells. Combining different 
ions with different LET, it would be then possible to obtain a LET-painting approach based 
on the hypoxic areas and differential resistance of the tumor [49].  
A comprehensive mechanistic explanation for this OER reduction induced by LET is still 
missing. It in known that molecular oxygen is the product of radiolysis of water and the high 
radiolysis produced by the heavy-ion can form a reduced oxygen microenvironment around 
the track in the tissue. The reduced OER would then be caused by an “in situ” oxygen 
concentration change. Meesungnoen et al [50] calculated the oxygen concentration around the 
ion track and found that the oxygen pressure is the same that it would be expected to reduce 
the OER value as pure effect of the oxygen concentration [50]. Many experiments have been 
performed with different ions from different groups [51-80], table 4.1. Of course the 
experimental data obtained in vitro are substantially different from those in vivo. Broadly 
speaking, the variations of OER with LET are much smaller in vivo than in vitro due to 
different oxygen partial pressures of the aerobic reference phases used in cell experiments or 
measured inside tumors [81]. Moreover, most of the experiments have been performed in 
totally anoxic conditions (pO2 ≈0), while the intermediate concentrations levels would be of 
particular interest. This literature reviews points to the need of new experiments under oxygen 
levels intermediate between oxic and anoxic. 
In this work we built special hypoxic chambers where conditioned oxygenation can be used. 
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Table 4.1 Summary of references to published cell survival data in anoxic condition with 
different ions and LET condition [81]  
 
4.2 Experiments with different oxygen concentrations 
 
The hypoxic chamber is a special device, patented at GSI, which gives the possibility to 
perform experiments with different kind of radiation in different oxygen concentration. In this 
thesis, experiments with CHO cells using this device have been reported. Inside the tumor 
mass, the oxygen concentration is different in every point and changes continuously in a real 
and dynamic way. With the lost of the self control capacity, the cells grow faster and without 
any contact inhibition and planned structure. Blind blood vessels, temporary bottlenecks 
vessels lead to an unstable situation and produce a dynamic situation that can hardly be 
cataloged and followed. For this reason, measurements were performed under normal oxygen 
concentration, hypoxia (0.5% oxygen) and in complete anoxia (0% oxygen). We first tested 
chamber oxygen concentration as a function of the gas flow and time and found that 2 hours 
with 200 ml/min is enough to have the desired oxygen concentration.  
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4.3 OER for X-ray irradiation 
 
The experimental OER at 10% of survival fraction resulting from survival curves 
measurements (figure 3.3) were 2.42±0.11 for the anoxic and 1.5±0.1 for the hypoxic 
condition. 
The OER value for X-rays irradiation from the literature is around 2.8 [82].  
With 0% of oxygen concentration the dose necessary to produce 10% of survival has to be 
2.42 times bigger than the one in oxic condition, while in hypoxia, with just 0.5% of oxygen 
this value decreases rapidly at 1.53. This rapid decrease corresponds to the assumption of 
Alper et al. [83], showing in the figure 4.2. 
From the Alper`s model [83], under X-ray irradiation an increase from 0% to 3% of oxygen 
produces a OER fast decrease and then over 3% this value goes through a plateau where no 
difference are found with further oxygen rises. This is the reason why when the oxygen 
concentration changes from 0% to 0.5% there is a high OER decrease.  
 
 
Figure 4.2 Dependence of the Oxygen Enhancement Ratio from the oxygen pressure. 
Redrawn from ref [83]  
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4.4 OER for carbon ion irradiation (100 keV/µm) 
 
Irradiation with heavy ions (high-LET) notoriously result in a OER decrease [84]. High-LET 
produces more direct damage and for this reason less dependence from free radicals formation 
and stabilization [85]. Hence, particle therapy is considered a good therapy candidate to be 
used on the hypoxic part of a tumor [86, 87]. Nowadays carbon and proton are the most 
common ions used for particle therapy [88] but new ions are being considered. In this work, 
we measured C-ion survival at different oxygen concentrations (fig 3.4).   
Using for the anoxic condition a carbon irradiation of dose averaged LET 100 keV/µm, the 
OER value found was 1.81±0.12. The OER value decreased to 1.29±0.07 when the cells were 
irradiated at 0.5% oxygen concentration. Data indicate that also with C-ions the OER depends 
on the oxygen conditions. Ions are more efficient in cell killing and less dependent from the 
oxygen concentration because the cell damage is less conditioned from the presence/absence 
of oxygen; nevertheless, even an LET of 100 keV/µm is unable to completely abolish the 
hypoxic-induced cell radio-resistance.  
It would be probably convenient to use, then, in the same treatment, different ions with 
different LET to target differently hypoxic regions [89].   
 
4.5 Oxygen Enhancement Ratio for irradiations with ions 
heavier than carbon.  
As mentioned above, ions heavier than carbon are currently under examinations for possible 
therapy applications [90]. Ions heavier than carbon may be useful for tumors that are very 
hypoxic, such as pancreas cancer. By increasing the dose averaged LET, the OER value 
decreases but very high-LET are necessary to reach a unitary value (fig. 4.3). 
Whereas the efficiency at these LET values are already in a plateau phase for the oxic 
condition, an efficiency increase with increasing LET under anoxic conditions is still present. 
The result will be a decreased OER value (fig 3.8). Similar results are reported in Furusawa 
[9]. 
Imaging the hypoxic area, it will be possible to plan with high accuracy not only the released 
dose for every hypoxic voxel but also the best ion and LET value to use [92]. In the figure 4.3 
below, our data are plotted along the extensive database collected at NIRS (Japan) [9]. The 
different datapoints are consistent, suggesting a weak dependence on ion species. 
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Figure 4.3 Experimental OER values obtained in this work versus dose averaged LET 
for different ions in anoxic condition, compared to previous 
measurements for carbon ion [9]        
 
4.6 Dependence on LET and oxygenation conditions of α 
and β parameters 
In the LQ model for cell survival, the α parameter provides the initial slope and the β the 
curvature (in a log-scale) of the survival curve. The α/β ratio of the survival curve is an 
indicator of the cell radiosensitivity: high α/β ratios correspond to high radiosensitivity, while 
low α/β ratios indicate radioresistance and large shoulders in the curve (in log-scale). In 
therapy, it is known that acute effects and tumors have generally high α/β ratios, whereas late 
effects have low α/β ratios. Fractionaction, which is effective only if a significant β value is 
present, is therefore classically considering in radiotherapy as an effective and necessary tool 
for sparing late effects without jeopardizing the tumor sterilization. 
Fig 3.3 shows survival curves of CHO cells after x-ray irradiation in different oxygenation 
conditions. Alpha values decrease with oxygen concentration decreasing (table 3.2).  In fig 
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4.4 alpha values are plotted as a function of the oxygenation condition. In anoxia, the cells 
had a small α value, consistent with the expected increased resistance to radiation.  
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Figure 4.4 Graphical representation of the correlation between oxygenation conditions and 
alpha values of CHO survival curves irradiated with x-ray  
 
Beta values also decrease from oxic to anoxic condition (fig 4.5).    
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Figure 4.5 Graphical representation of the correlation between oxygenation conditions and 
beta values of CHO survival curves irradiated with x-ray 
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We observed similar results for carbon ion irradiation. With 100 keV/µm dose averaged LET 
the α values decrease from oxic to anoxic conditions (fig 4.6), consistent with the previously 
noted observation of an increased resistance in hypoxia even at high-LET.  
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Figure 4.6 Graphical representation of the correlation between oxygenation conditions and 
alpha values of CHO cells survival curves irradiated with carbon ion beam 
 
4.7 Comparison to model calculations: OER  
Experimental measurements obtained in this work with different ions and LET for CHO cells 
have been compared with the carbon anoxic experiments obtained from in NIRS, Chiba [9]. 
In this set of measurements, no remarkable differences were found for different cell lines and 
different ions (fig. 4.3).                                                                                      
A model for the OER-LET relationship has been developed at GSI and compared to the 
experimental data (figure 4.8). 
In Fig. 4.8, these independent model predictions based on a combined parameterization of 
LET and pO2 dependence [93] extracted from different experiments are compared with the 
anoxic measurements of this thesis (same as shown in the figure above). Furthermore a single 
experiment in hypoxic condition (0.5% O2) is shown there, which is also in very good 
agreement with the corresponding model curve. Of course no conclusions can be drawn from 
a single data point, and we plan an extensive set of measurements at NIRS (within the GSI-
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NIRS International Open Laboratory grant) to provide a full benchmark of the model [93] in 
Fig. 4.8. Eventually, this model will be the basis for LET painting of hypoxic regions in 
particle treatment planning. 
 
 
Figure 4.7 Experimental OER values obtained in this work compared to independent 
model predictions (lines) [89] 
 
4.8 RBE for carbon ion experiments 
Relative biological effectiveness (RBE) is the ratio between the dose of X-rays and the dose 
of a test radiation producing the same biological effect.  
We measured RBE of C-ions in three different oxygenation conditions (Fig 3.5, 3.6, 3.7). In 
oxic condition the RBE value was 2.55, in hypoxia was 2.9 while in anoxia was 3.52.   
 
4.9 RBE for different ions 
At very high-LET we measured a RBE increase in anoxic condition, but not in oxic condition. 
In Figure 4.9 we show the Japanese data in V79 cells in oxic and anoxic conditions [9].  
In this figure it is possible to see that at first an LET increase involves an RBE increase in 
both oxygen conditions, but over 100 keV/µm the behavior of the RBE in oxic and in anoxic 
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changes. In figure 3.8 we showed the increase in the slope of survival curves with LET, 
corresponding to increased RBE. In Fig. 4.9, from 100 to 160 keV/µm the hypoxic RBE the 
increases, while the oxic curve is already in the plateau or decreasing (compare to figure 3.9).  
 .   
 
 
Figure 4.8 Relation between dose averaged LET and RBE in Furusawa experiments [2000] 
with V79 cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 55
4.10 Comparison to model calculations: RBE 
Ions show an enhanced RBE compared to photon irradiation. These changes are the result of a 
complex interplay between physical parameters like the ionization density and biological 
parameters like the repair capacity of the cell system. It is not possible to obtain a RBE value 
directly from the patient in therapy. Therefore, a model calculation is necessary. Calculated 
survival probabilities using the GSI code LEMIV [106] are here compared with experimental 
data as a function of the penetration depth of a 116 MeV/u Lithium ion beam (fig 4.10). The 
small effects on the first few centimetres as well as the drastic increase of the effect in the 
Bragg peak region are correctly reproduced.  
 
 
Figure 4.9 Calculated survival probabilities are compared with experimental data as a 
function of the penetration depth of a 116 MeV/u Lithium ion beam 
 
The results in figure 4.10 were obtained with a single Bragg peak irradiation. Real tumor 
treatment planning needs an extended volume irradiation where many single Bragg peak are 
overlapped together. In a real situation then, the RBE inside the tumor is lower, and of course 
the peak is broad (spread-out-Bragg-peak, SOBP).   
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Besides lithium ions, in figure 4.11 calculated survival probabilities are compared with an 
oxygen ion beam SOBP of 4 cm. The experimental points are superimposed on the LEM IV 
prediction, green line. The prediction well reproduces the survival probabilities in the 
entrance channel and in the area immediately after the Bragg peak, while for the extended 
volume area cell killing is underestimated.   
 
 
    
Figure 4.10 Calculated survival probabilities are compared with experimental data as a 
function of a 4 cm spread out Bragg peak of an oxygen ion beam 
 
The experimental points were measured at HIT (Heidelberg Ion Therapy centre) twice. Some 
problems with the dosimeter have not allowed an appropriate duplicate experiment resulting 
in high uncertainties in figure 4.11 data point and perhaps a systematic error to be checked in 
future experiments.   
Nitrogen irradiation was performed at GSI-SIS. Results are here shown in fig. 4.12. We used 
a 4 cm SOBP to simulate a tumour mass at 6 cm depth. Two independent experiments were 
performed. The comparison to LEM IV indicates a good prediction for the entrance channel 
but again underestimation of the cell killing at the SOBP.   
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Figure 4.11 Calculated survival probabilities are compared with experimental data as a 
function of a 4 cm spread out Bragg peak of a nitrogen ion beam 
 
In figure 4.13 we summarize the experimental data points and LEM IV predictions for C, O 
and N-ions in the same chart. LEM is optimized for C-ions, and indeed the data are well 
reproduced. Improvements are necessary for heavier particles. 
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Figure 4.12 Calculated survival probabilities of three different ions, carbon, nitrogen and 
oxygen are compared with the experimental data as a function of a 4 cm spread out Bragg 
peak irradiation 
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4.11 Prostate cancer cell experiments 
 
 PC3 is a prostate cancer cell line derived from bone metastasis [95]. E-cadherin is one of the 
most important cell migration and metastasis adhesion molecules [96], and in particular it is 
responsible for the invasiveness and metastasis of the prostate cancers [97,98] whilst other 
cadherins are responsible for the metastasis of other tumors [99]. For metastasis formation 
(Fig. 4.14), it is in fact necessary that the cells leave the original in situ cancer and, after the 
invasion of the tumor border, they spread around the lymphatic and circulatory system and 
finally make homing in a different organ, where they grow again. It has already been said that 
cadherins are tissue-specific adhesion molecules. Cells from epithelium that express E-
cadherin can just be adherent to other cells with E-cadherin, like cells that express P-cadherin, 
placenta cells, can only be adherent to cells with P-cadherin. Therefore, for invasion and 
migration/metastasis a “cadherin switch” is mandatory. From the original in situ prostate 
cancer, an E-cadherin/N-cadherin switch has been reported for metastatization [99, 100]. 
Starting from these assumptions in this thesis, experiments with PC3 cells have been 
performed to study the expression of the adhesion molecule E-cadherin in different oxygen 
conditions following X-rays and carbon ion irradiation.  
 
 
 
Figure 4.13 A schematic and simplified representation of the metastasis process   
  
 60
4.11.1 Survival experiments 
Tumor hypoxia is linked not only to radio-resistance, but also to metastatization [101].  
Cells in acute hypoxia showed an increase of radio-resistance; when the condition persist for 
long time, chronic hypoxia, the cells become sensitive again [105].   
In this work, experiments with PC3 cells in chronic anoxia and chronic hypoxia/re-
oxygenation have been performed to measure radio-sensitivity and the E-cadherin gene 
profile expression. PC3 cells were irradiated after 72 hours in hypoxia and 1 hour in normoxic 
condition with X-rays or carbon ion.  
The results for X- irradiations shows that PC3 cells in oxic condition are more resistant than 
the hypoxic/re-oxygenated cells. This could be explained with cell cycle reasssortment [105]. 
After many hours in hypoxia the cells were synchronized and this was responsible for the 
increased radio-sensitivity of the cells.  
Survival after carbon ion irradiation resulted in two curves almost completely overlapped in 
the two different oxygen conditions, suggesting the conclusions that in ions experiments no 
difference in radio-resistance is dectable.  
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4.11.2 E-Cadherin results  
 
4.11.2.1 Western blot analysis 
After 24 hours anoxia, hypoxia e norm-oxic conditions, the E-cadherin protein expression was 
analyzed with Western blot analysis.  No statistically significant differences were found, 
indirectly supporting results published by others [97], who found no differences in E-cadherin 
mRNA expression after 24 and 48 hours, but some difference were found after 72 hours.  
 
4.11.2.2 Real Time PCR (RT-PCR) 
Besides the Western blot analysis, a Real time PCR (RT-PCR) analysis has been done to 
identify differences in E-cadherin mRNA expression in different oxygen concentrations and 
irradiations. E-cadherin is important for the architecture maintenance of the organ structure 
during and following embryogenesis. Recently, different experiments confirmed that E-
cadherin is involved not only in the structural functions, but also in cells migration and tumor 
metastasis. The epithelial-to-mesenchimal transition (EMT) in prostate cancer cells is in fact 
considered one of the first steps for tumor metastasis [97].  
Metastasis is considered today responsible for 90% of associated cancer death. Patients with a 
localized prostate cancer, without any metastasis, have a very high 5-years survival rate [97].  
Understanding if there are any differences on E-cadherin expression after irradiation with X-
rays or carbon ions in different conditions and how those differences act on the migration and 
metastasis could improve the patients’ treatment. We tried to answer the following questions: 
does the E-cadherin decrease after chronic hypoxia? Are there differences in the E-cadherin 
expression after exposure to X-rays or carbon ions?  
The results obtained about down-regulation of E-cadherin after chronic hypoxia and re-
oxygenation are confirmed from literature [102]. Seventy-two hours in a 0.5% oxygen 
concentration reduce the mRNA E-cadherin expression of almost half fold. (Paragraph 3.3.2). 
The radiation data show an increase of E-cadherin expression of about 4 folds for the hypoxic 
condition and about 6 folds for the oxic conditions after 0.4 Gy of carbon ion, and a decrease 
back to the original values when irradiated with 1.6 Gy. The X-ray irradiation instead shows a 
decrease of E-cadherin from 0.4 Gy and a slightly increase with higher doses.     
Further experiments are necessary, but the results suggest that radiation and hypoxia do 
modulate E-cadherin expression. 
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4.11.2.3 Immunocytochemistry analysis 
An Immunocytochemistry technique is being used to identify E-cadherin protein on the cell 
surface in different oxygen concentration. E-cadherin is in fact an adhesion molecule that is 
down-regulated after chronic hypoxia. Although chronic and acute hypoxia is somehow 
ambiguously defined, The 24 hours anoxia has been chosen.  
Hypoxia is allegedly involved in the EMT (epithelial-mesenchymal transition) [103] which in 
turn promotes invasiveness and proliferation of the tumor mass.  
We measured a decrease of E-cadherin protein after 24 hours in anoxic condition with the 
immunocytochemistry analysis. This could be explained with the remodeling of the 
extracellular part of the molecules. A different extracellular molecule would be then not 
recognizable from the specific antibody.  
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Outlook 
The results of this work shed some light into the cellular response under irradiation in 
different oxygenation and different LET conditions and suggest a further and refined 
investigation on this field.  
Other ions heavier or lighter than carbon could be used for therapy. 
The use of different ions would give the possibility to scale the dose, but also to perform a 
“LET painting”.  
An experimental dataset of ion beam irradiation of different cells in different oxygenation 
conditions would be then necessary.  
Indeed, many experiments for the complete oxygen absence exist, but not so much are about 
the intermediate concentrations.  
Further benefit would emerge for the mechanisms description and the understanding on 
microscopic basis of the increased radio-resistivity effect related to oxygen lack 
The E-cadherin gene expression results, recommend a more detailed understanding of the 
mechanisms underlying to the adhesion molecules in hypoxia and under different irradiation 
conditions  
These more detailed information that could come from in vitro and in vivo experimental 
collection of migration and metastasis data, could provide the necessary knowledge to avoid 
or at least to prevent the metastatic spread, one of the biggest problem of cancer death in the 
world.   
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 Annex  
Used solution 
 
Threefold methylene blue (for 1000 ml of solution) 
 
• 300 ml Löfflers methylene blue solution (Merck KGaA, Darmstadt, Germany) 
• 90 ml 0.1% potassium hydroxide in purified water 
• 50 ml methanol for analysis (Merck KGaA, Darmstadt, Germany) 
• 560 ml purified water 
 
Onefold methylene blue (for 1000 ml of solution) 
 
• 100 ml Löfflers methylene blue solution (Merck KGaA, Darmstadt, Germany) 
• 90 ml 0.1% potassium hydroxide in purified water 
• 50 ml methanol for analysis (Merck KGaA, Darmstadt, Germany) 
• 760 ml purified water 
 
TBST buffer 
• 100 ml Tris (1M, pH 8.0) 
• 500 ml NaCl (3M)  
• 5 ml Tween 20 (100%)  
• H2O (Millipore) to 1000 ml  (10fach TBST) 
 
Tris buffer 
• 121,1 g (121,1 g/mol) Tris-Base  
• 800 ml H2O (Millipore) 
• Additions of HCl until reaching a pH of 8.3 and after H2O (Millipore) to1000 ml total 
 
 
 
 
 I
 
 
SDS-Sample buffer  
• 0,035 g Bromphenolblau  
• 7 ml Glycerol (100%) 
•  6 ml SDS (10%)  
• 1 ml Tris-HCl (1M, pH 6,7) gelöst 
 
Separation gel  
• 3.5 ml of water (Millipore) 
• 4 ml acrylamide bis 
• 2.5 ml trenngels buffer 
• 50 microliter APS 
• microliter TEMED 
 
Running gel  
• 540 µl acryl bis 30% 
• 3.2 ml Millipore 
• 1.27 ml 4fold sonnegels buffer 
• 50 microliter APS 
• 5 µl TEMED 
 
Transfer buffer 
• 11.27 g Glycin  
• 20 ml Tris-HCL buffer 1M, pH 8.3  
• 10 ml 10% iges SDS solution  
• 200ml methanol  
• 800 ml MILLIPORE  
 
 Running buffer  
• 30,3 g Tris-Base 
• 142,6 g Glycin  
• 10g SDS  
• H2O (Millipore) to 1000 ml total  
 II
 
 
Blocking buffer  
• 2.5 g milk powder  
• 50 ml 1X TBST 
 
 
Reagents 
 
Reagents Company Manufacturer`s MW 
[g/mol] 
Storage 
Tris-Base Sigma Sigma 7-9® Tris-[hydroxymethyl] 
aminomethan Minimum 99% titration 
121,1 RT* 
Hydrochlorich 
acid 37% 
Merck For analysis, smoking, 1l = 1,19 kg --- RT  
Tween 20 Sigma Polyoxyethylene-Sorbitan Monolaurate 
(Sigma Ultra) 
 RT 
Methanol LS Labor 
Service GmbH 
For analysis 32,04 RT  
NaCl LS Labor 
Service GmbH 
For analysis 54,88 RT  
Glycin Sigma Electrophoresis reagent, Minimum 
99%, C2H5NO2
75,07 RT 
SDS Sigma Lauryl Sulfate (Sodium Dodecyl 
Sulfate) Sodium Salt, Approx. 99% 
(GC) C12H25O4SNa, Anionic Detergenz 
288,4 RT 
Milk powder  Low fat  RT 
Coomassie® Serva Coomassie-Brilliant-Blue G250, pure --- RT 
Glacial acetic 
acid  
LS laboratory 
Service GmbH 
Acetic acid 100% 60,05 RT  
 
*Room temperature 
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PCR………………………Polymerase chain reaction  
PE………………………...Plate efficiency 
PEEK…………………….Poly-Ether-Ether-Ketone  
PVC……………………....Polyvinyl chloride 
PVDF …………………….Polyvinylidene 
R 
RBE……………………..Relative Biological effectiveness 
RIPA ……………………Radioimmunoprecipitation assay 
RNA……………………..Ribonucleic acid  
RPMI……………………Roswell Park Memorial Institute medium 
RQ……………………….Relative quantification 
RT-PCR...........................Real time polymerase chain reaction 
S 
S…………………………Survival 
SDS-PAGE……………..Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis 
SIS……………………….Heavy Ion Synchrotron (SchwerIonenSynchrotron) 
SOBP…………………….Spread Out Bragg Peak 
T 
TCF…………………….Tissue culture flask 
 
 X
U 
UNILAC……………….Universal Ion Linear Accelerator 
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